The inclusion of magnetic nanoparticles into block copolymer micelles was studied towards the development of a targeted, magnetically triggered drug delivery system for cancer therapy. Herein, we report the synthesis of magnetic nanoparticles and poly(ethylene glycol-b-caprolactone) block copolymers, and experimental verification of magnetic heating of the nanoparticles, self-assembly of the block copolymers to form magnetic micelles, and thermally-enhanced drug release. The semicrystalline core of the micelles melted at temperatures just above physiological conditions, indicating that they could be used to release a chemotherapy agent from a thermoresponsive polymer system. The magnetic nanoparticles were shown to heat effectively in high frequency magnetic fields ranging from 30-70 kA/m. Magnetic micelles also showed heating properties, that when combined with a chemotherapeutic agent and a targeting ligand could be developed for localized, triggered drug delivery. During the magnetic heating experiments, a time lag was observed in the temperature profile for magnetic micelles, likely due to the heat of fusion of melting of polycaprolactone micelle cores before bulk solution temperatures increased. Doxorubicin, incorporated into the micelles, released faster when the micelles were heated above the core melting point.
I. INTRODUCTION

M
AGNETIC nanoparticles are the focus of numerous investigations as carriers for medical diagnostics and therapies. The range of applications includes MR imaging [1] , [2] , magnetic hyperthermia [3] , [4] , and magnetic localization [5] , [6] . The development of composite systems of magnetic nanoparticles and block copolymers offers the potential for magnetic field-triggered drug release, which utilizes localized heating to cause phase separation or melting within the polymeric carrier [7] . A triggered release system such as this is advantageous for cancer therapies, as the potent drugs can be sequestered inside the polymer and released only after sufficient time has elapsed for the device to reach the targeted cells. This minimizes the systemic delivery of drug and focuses therapy on cancerous cells and tumor tissues, improving the efficacy of each dose of chemotherapy while reducing the side effects in patients that are brought about by free (untargeted) drugs.
Certain polymeric materials display phase separation or melting behavior at temperatures just above physiological conditions. For example, hydrophilic copolymers of poly(N-isopropylacrylamide), PNIPAAm, have a lower critical solution temperature (LCST) in aqueous environments that can be tuned to achieve phase separations around 40 -45 [8] , [9] . Because these polymers become hydrophobic as temperature rises, hydrogels of PNIPAAm copolymers can be used to squeeze out a drug when heated [10] , [11] while uncrosslinked hydrophilic block copolymers of PNIPAAm can be made to self-assemble as temperature rises [12] , [13] . In each of these cases, however, drug is either not sufficiently sequestered at physiological temperatures (for the hydrogels) or release would occur when the material is chilled (for the self-assembled block copolymers), so more advanced structures are required to achieve triggered release activated by magnetic or other types of heating. Micelles containing a poly(caprolactone), PCL, core offer an alternate mechanism for releasing drug during heating, as the melting point for PCL is in the range of 40 -45 when confined to the small crystals that can form in micelles [14] , [15] . While not offering a discontinuous phase change as an LCST polymer would, the melting of the core of a micelle can be used to release a drug by two mechanisms when heated above its melting point: 1) greater diffusivity of a drug in a molten core, and 2) greater exchange of block copolymers associated with the micelle and free in solution. By placing magnetic nanoparticles in the core of the micelles, heating can be activated using a magnetic field.
In vivo triggering mechanisms are required to deliver medication at prescribed times, so heating the polymer systems described above should be accomplished using a noninvasive externally-applied method. Two such triggers that can be applied in such a fashion include infrared light and ac magnetic fields. In the former method, near-infrared light penetrates human tissue and when it is focused on gold nanoshells, substantial localized heating can be used to cause hyperthermia as well as elevate the temperature to trigger drug release [16] . Magnetic fields can also be used to induce heating around superparamagnetic or ferrimagnetic nanoparticles, such as or - [17] . In either method, metal (or metal oxide) nanoparticles can be easily combined with a number of different polymer systems. Both methods have great potential to localize therapy and increase the effectiveness of treatment.
In this work, magnetic micelles were created by self-assembling poly(ethylene glycol-b-caprolactone) around hydrophobically-modified magnetic nanoparticles. We report the 0018-9464/$31.00 © 2012 IEEE methodology used to make magnetic micelles and evaluate their potential for magnetically-triggered drug release by measuring magnetic heating as well as thermally-activated release of doxorubicin.
II. EXPERIMENTAL METHODS
A. Materials
All chemicals were purchased at reagent grade or better from the Sigma-Aldrich Chemical Company (St. Louis, MO). The chemicals were used as received, except for poly(ethylene glycol) monomethyl ether and -caprolactone. -caprolactone was freshly distilled from calcium hydride, while poly(ethylene glycol) monomethyl ether, 2000 or 5000, was dried at 60 in a vacuum oven overnight. The dried polymer was desiccated until used for reactions.
B. Magnetic Nanoparticle Synthesis
Iron oxide MNPs were formed using an established thermal decomposition method described by Sun et al. [18] . Briefly, iron(III) acetylacetonate was heated to 200 for two hours in phenyl ether then refluxed for one hour under nitrogen in the presence of 1,2-hexadecanediol as a reducing agent, with oleic acid and oleyl amine as capping ligands [15] . After the particles were isolated from the reaction mixture and repeatedly washed to remove any organic impurities, the ligands remained on the MNPs, imparting good dispersability in hydrophobic solvents.
C. Poly(ethylene glycol-b-caprolactone) Synthesis
Diblock copolymers were synthesized using a tin-catalyzed ring-opening polymerization adapted from Sosnik and Cohn [19] . The ring-opening polymerization was carried out by growing caprolactone units from the alcohol terminus of poly(ethylene glycol)monomethyl ether with PEG molecular weights of 2000 or 5000. The ratio of caprolactone to PEG was varied to synthesize block copolymers with a range of hydrophilic-lipophilic balance, with CL:PEG ratios from 5:1 to 100:1. Full details of the polymerization method have been published [15] . Briefly, dibutyltin dilaureate catalyzed the growth of -caprolactone from poly(ethylene glycol) monomethyl ether at 155 for a period of time that allowed different lengths of PCL to attach to the PEG molecules. The reaction mixture was dissolved in acetone followed by precipitation in hexane and recrystallization from acetone/ether. The compositions, molecular weights and polydispersities of the block copolymers were determined by and MALDI-TOF, and have been reported elsewhere [15] .
D. Micelle Formation
Micelles, magnetic micelles, and drug-loaded micelles were prepared by a solvent evaporation method [15] , [18] . Block copolymers were dissolved in THF, which had been filtered through a 0.2 filter. Magnetic nanoparticles (which retained a hydrophobic oleic acid coating from the synthesis step) or doxorubicin were added at this stage. The THF solution was then added dropwise to ultrapure water (18.2 ) or phosphate buffer saline with probe sonication to initiate the self-assembly of micelles. THF was evaporated by placing the solutions under reduced pressure overnight. Magnetic micelles were filtered through a 0.45 filter to remove aggregates, while and drug-loaded micelles were dialyzed against buffer solution for 24 hours to remove unencapsulated materials, using 50 kDa MWCO dialysis tubing (Spectrum Laboratories, Rancho Dominguez, CA). The size distribution of magnetic micelles was determined using dynamic light scattering (DLS, Zetasizer Nanosizer ZS, Malvern, Westborough, MA).
E. Magnetic Hyperthermia
A custom-designed magnetic hyperthermia coil (Induction Atmospheres, Rochester, NY) was used to heat nanoparticle and magnetic micelle solutions. 0.5 ml of nanoparticles dispersed in hexane at 8.3 g/L or magnetic micelles dispersed in phosphate buffer saline solution at 0.168 g/L were placed in an Eppendorf tube in the center of the coil. The Eppendorf tube was thermostatted at 37 using a tube placed inside the coil that was filled with water connected to a water bath. The magnetic field strength and frequency were varied by changing the electrical circuitry in the power supply and the configuration of the coils, respectively. The six-turn coil used in our experiments was used to generate magnetic fields of 30-70 kA/m. An infrared camera (FLIR systems, North Billerica, MA) placed above the samples was used to record temperatures of the nanoparticle and magnetic micelle solutions. The FLIR camera measures temperature with resolution of 0.1 and is capable of recording temperatures from 0 to well over 100 .
F. Drug Loading and Release
Doxorubicin was added to the block copolymer micelles during self-assembly (either with or without magnetic nanoparticles), using dimethyl sulfoxide (DMSO) to dissolve the doxorubicin. Triethylamine was added to this solution to abstract the hydrochloride salt to render the doxorubicin hydrophobic, so that it would self-assemble in the interior of the PEG-PCL micelles. After dialysis at 4 for 24 h to remove unencapsulated doxorubicin, drug release experiments were conducted using Floatalyzers (Spectrum Laboratories, MWCO of 50 000) containing the micelles, with release monitored by measuring the UV absorbance of the dialysate.
III. RESULTS AND DISCUSSION
A. Magnetic Nanoparticles
Magnetic nanoparticles were found to have diameters of approximately 9 nm using transmission electron microscopy (TEM, FEI Technai F-20, Hillsboro, OR), as shown in Fig. 1 . The X-ray diffraction curve in Fig. 2 shows Miller indices consistent with magnetite or maghemite, with a face-centered cubic structure with a unit cell size of 8.38 Å. The particle synthesis gave magnetic nanoparticles coated with oleic acid, which allowed them to be dispersed in organic solvents.
B. Magnetic Micelles
Magnetic micelles were found to have a size distribution range with the number-average diameter being below 100 nm for each of the four polymers tested (Table I) , although some larger micelles were found to be present by TEM. As evidenced by the minimal absorbance of MNPs in the dialysate, the micelle encapsulation efficiency for the MNPs is typically over 50% due to the hydrophobic oleic acid coating that helps sequester them to the PCL cores of the micelles. A TEM of magnetic micelles shows MNPs clustered in the micelle cores (Fig. 3) , and agrees with the dynamic light scattering results.
C. Magnetic Heating of Nanoparticles
Magnetic heating of MNPs was used to generate time-dependent temperature data, from which control experiments on hexane with no MNPs were subtracted to determine the time-dependence of temperature rise due to the heating of nanoparticles from different magnetic fields. Hexane was chosen as a solvent to mimic the hydrophobic environment inside the micelle, as in the medical application of the system, MNPs will not be dispersed directly in aqueous fluids. To determine the specific absorption ratio, the temperature data were fit to a normalized temperature equation (1) where is the measured temperature of the MNP solutions as a function of time, is the initial temperature of the solution (37 in our experiments), is the steady-state temperature reached in each experiment, and k is a general constant that results from the lumped capacitance model used to compare convective and conductive heat transfer and is normally equal to , where h is the convective heat transfer coefficient, A is the surface area of the particles, m is the nanoparticle mass and is the heat capacity of the particles. After fitting the data to this type of curve, the derivative, evaluated at was used to determine the initial heating rate for each experiment. The SAR was then calculated by determining the initial rate of internal energy increase, , and normalizing by the mass of nanoparticles present in the solution (2) where is the total mass of the nanoparticle solution, is the heat capacity of the solution (which is approximately equal to the solvent heat capacity due to the dilution ratios tested), and is the mass of nanoparticles in the solution. This yields SAR in Watts per gram of iron oxide in solution.
The starting temperature for the magnetic heating experiments was chosen as 37 to mimic heating the MNP solutions and micelles from physiological conditions. This is an important consideration for developing materials for medical purposes, but also complicates comparison of these experiments to other experimental observations. Here, for each of the magnetic field strengths tested (from 30.5 to 67.9 kA/m), the temperature of the MNP solutions in hexane reached 42 within 30 s of the application of the magnetic field (Table II) . As predicted by Rosensweig [21] , the SAR increased monotonically with square of the field intensity (Fig. 4) .
D. Heating of Magnetic Micelles
Magnetic micelles made using block copolymers and containing a theoretical loading of 28 wt% iron oxide (based on total magnetic micelle mass) were dispersed in phosphate buffer solution (pH 7.7) to yield an effective iron oxide concentration of 0.168 g/L solution. The heating of these micelles showed unique behavior at the beginning of the application of the magnetic field (Fig. 5) . The micelles stayed isothermal for approximately the first two minutes before the infrared camera was able to detect a sensible energy rise. This lag in heating is attributed to the power generated by MNP heating being used to melt the PCL cores of the micelles (a heat of fusion) prior to observing a bulk temperature rise in the micelle solution. If this is the case, it may be possible to activate drug release in a short time without observing a temperature rise to hyperthermic conditions in the fluid surrounding the micelles.
E. Drug Loading and Release
Doxorubicin was effectively loaded into micelles by abstracting the HCl using triethylamine, and dissolving doxorubicin in DMSO prior to self-assembly of micelles. Although not all of the doxorubicin was encapsulated, a visual inspection of the drug-loaded micelles (reddish-pink in color due to doxorubicin) confirmed the presence of drug inside the micelles, even after exhaustive dialysis to remove unencapsulated drug. Drug release was conducted isothermally at physiological temperature (37 ) and an elevated temperature (57 ) which was selected to ensure that the PCL crystallites in the micelles would be melted. Doxorubicin was observed to release rapidly from the micelles at the higher temperature over a time period of less than 5 h, although drug release at 37 was observed over a period of 12 h even without the molten PCL cores (Fig. 6 ). This indicates that the PEG-PCL polymer system can be activated to release drug when heated, and with optimization, magnetic micelles can be used to trigger heating and drug release using a high frequency magnetic field.
IV. CONCLUSION
Magnetic micelles have been successfully synthesized using iron oxide nanoparticles and self-assembling block copolymers of PEG-PCL. The heating of MNPs was shown to follow the behavior predicted by Rosensweig. Furthermore, these nanoparticles placed in micelles were still able to effectively heat to reach hyperthermia conditions after 5 min, with a lag time in the heating profile that is theorized to be due to the heat of fusion of the PCL cores prior to a gain in sensible energy of the solution surrounding the micelles. The rapid release of doxorubicin from PEG-PCL micelles at elevated temperatures shows the potential for using magnetic heating as a mechanism to trigger drug release after micelles have been administered to a patient.
